-Central nervous system neurons process information converging from the uterus, colon, and bladder, partly via the hypogastric nerve. This processing is influenced by the estrous cycle, suggesting the existence of an estrous-modifiable central nervous system substrate by which input from one pelvic organ can influence functioning of other pelvic organs. Here, we tested predictions from this hypothesis that acute inflammation of colon, uterine horn, or bladder would produce signs of inflammation in the other uninflamed organs (increase vascular permeability) and that cross-organ effects would vary with estrous and be eliminated by hypogastric neurectomy (HYPX). Under urethane anesthesia, the colon, uterine horn, or bladder of rats in proestrus or metestrus, with or without prior HYPX, was treated with mustard oil or saline. Two hours later, Evans Blue dye extravasation was measured to assess vascular permeability. Extravasation was increased in all inflamed organs, regardless of estrous stage. For rats in proestrus, but not metestrus, either colon or uterine horn inflammation significantly increased extravasation in the uninflamed bladder. Much smaller cross-organ effects were seen in colon and uterine horn. HYPX reduced extravasation in the inflamed colon and inflamed uterine horn, but not the inflamed bladder. HYPX eliminated the colon-to-bladder and uterine horn-to-bladder effects. These results demonstrate that inflaming one pelvic organ can produce estrous-modifiable signs of inflammation in other pelvic organs, particularly bladder, and suggest that the cross-organ effects involve the hypogastric nerve and are at least partly centrally mediated. Such effects could contribute to cooccurrence and cyclicity of distressing pelvic disorders in women. pelvic pain; inflammation; interstitial cystitis; uterus; colon NEURAL COORDINATION AND decision-making for many physiological and behavioral functions depends on convergence within the nervous system of information from different bodily regions (for example, see Ref 4). Such is the case, for example, in the control of walking, balance, posture, eye movements, blood pressure, fight/flight responses, and other sensorimotor functions (39). Much of this convergence involves heterotopic interactions between different somatic structures (muscles/ skin) or between somatic and visceral structures.
pelvic pain; inflammation; interstitial cystitis; uterus; colon NEURAL COORDINATION AND decision-making for many physiological and behavioral functions depends on convergence within the nervous system of information from different bodily regions (for example, see Ref 4) . Such is the case, for example, in the control of walking, balance, posture, eye movements, blood pressure, fight/flight responses, and other sensorimotor functions (39) . Much of this convergence involves heterotopic interactions between different somatic structures (muscles/ skin) or between somatic and visceral structures.
Such coordination is less well understood between different internal organs; that is, viscerovisceral interactions. Studies have shown, however, that neurons in the spinal cord, dorsal column nuclei, solitary nucleus, medullary reticular formation, and thalamus process information that converges from different internal organs located in different functional systems, i.e., the reproductive, gastrointestinal, and urinary tracts (8, 9, 11, 17, 24, 31, 32, 37, 57, 58, 59, 60) . In some regions, this processing is robustly influenced by the estrous cycle and hormone manipulations (15, 16) .
This cross-system, viscerovisceral convergence supports the concept that the nervous system provides a dynamic substrate [whose characteristics are modified by reproductive status (47) ] that permits events occurring in one organ to influence functioning of other organs. Influences like these are clearly important during healthy events, such as parturition, as well as more common functions, like those occurring during coitus, urination, and defecation, which normally are mutually inhibitory (7, 27, 28, 34, 49, 60, 63) .
This convergence is likely also significant in pathophysiological situations. It could provide a mechanism by which pathology in one organ influences functioning of another organ. Recent physiological and behavioral data from studies on rodents support such a possibility. Thus acute bladder inflammation in rats increases the motility of the uninflamed uterus (22) and reduces the efficacy of drugs on the uninflamed uterus (21) . In addition, acute inflammation of the rat colon or prostate, as well as chronic abdominal pathology (surgically induced endometriosis) produces signs of inflammation in the otherwise healthy bladder (18, 41, 50, 55, 71) . Furthermore, the chronic condition of surgically induced endometriosis in rats increases pain behaviors produced by a ureteral stone (26) and induces vaginal hyperalgesia (18) . Importantly, the severity of this hyperalgesia correlates with estradiol levels during the rat's estrous cycle (18) .
Here, using female rats, we surveyed cross-organ influences between pelvic organs located in three different physiological systems (reproductive-uterine horn, gastrointestinal-colon, and bladder) by inflaming one organ and observing the effect on the other two organs. Because most of the cross-organ effects discussed above support the conclusion that inflammation in one organ indirectly produces signs or symptoms of inflammation in the other organ, we used an outcome measure here that many others have also used to assess inflammation; i.e., extravasation of Evans Blue dye that measures vascular protein permeability (62) .
Studies have shown that information from the colon, bladder, and uterine horns is conveyed to the central nervous system via the hypogastric nerve (8, 12, 19, 28, 66) and implicate hypogastric nerve involvement in various effects of inflammation in all three organs (for example, see Refs. 13, 22, and 69 ). Accordingly, we tested the hypothesis that any crossorgan effects observed in this study involved the hypogastric nerve by assessing the effects before and after bilateral hypogastric neurectomy (HYPX).
Furthermore, given earlier findings suggesting that crossorgan effects could be influenced by reproductive status (15, 16, 18) , we also tested the hypothesis that any cross-organ effects observed in this study would vary by estrous stage.
MATERIALS AND METHODS
Subjects. Subjects were 116 female Sprague-Dawley rats (Charles River, Kingston, NC), weighing 200 -300 g. They were individually housed in wood chip-lined plastic cages, with free access to water and chow, and were maintained on a 12:12-h light-dark cycle with lights on at 0700. Estrous stage was assessed daily by vaginal lavage using the traditional stage nomenclature (5). Only rats that had two complete, regular 4-day estrous cycles before the day of the experiment were used. Measurements were made between ϳ5 and 8 h after lights on when the rats were in either proestrus (estradiol levels high and progesterone levels low, (5) or metestrus (estradiol and progesterone levels low, (5) .
Experimental protocol. This protocol was approved by Florida State University's Animal Care and Use Committee, protocol no. 0108.
Rats were anesthetized with urethane (1.2 g/kg ip) and placed on a heating pad to maintain body temperature at ϳ37°C. Anesthetic level was monitored by periodic tests of corneal and foot-pinch reflexes. Supplemental doses of anesthetic were rarely needed. The jugular vein was catheterized, and a midline abdominal incision was made to expose the pelvic cavity. As described in detail below, either the colon, right uterine horn, or bladder was treated for ϳ2 h with saline or 10% mustard oil (MO) dissolved in mineral oil before death. A 2-h treatment duration was chosen to be consistent with the duration of inflammation used by other studies in which the outcome measure was either remote protein extravasation (PE) or effects on central neuronal activation (6, 74, 75) .
In subgroups of rats whose colon, uterine horn, or bladder was to be injected with MO, HYPX was performed ϳ60 min before treatment. The HYPX was done by identifying the left and right hypogastric nerves where they exit distally from the inferior mesenteric ganglion (IMG), freeing them completely from connective tissue, cutting them, and separating the cut ends from each other. The 1-h delay was chosen because other studies have shown that the effects of HYPX are evident at that time (22) .
Evans blue dye was injected via the jugular vein (50 mg/kg in saline) 2 h after organ treatment. Approximately 30 min later, the dye was flushed out of the vascular system by transcardial perfusion with saline. Immediately thereafter, samples of the right and left uterine horn, the colon, and the bladder were each harvested identically in all groups, as follows. The uterine and colon samples were 1-cm-long segments cut out from the region that had been (or would have been) treated with the MO or saline solutions. The entire bladder was removed at the bladder-urethral junction. All samples were bisected longitudinally, rinsed with saline, patted dry, and weighed.
The harvested samples were placed in individual vials containing 2 ml of formamide (Sigma, St. Louis, MO) to extract the dye (62) . Samples were stored at ϳ50°C for 24 h. The optical density of the formamide extraction solution was measured spectrophotometrically (wavelength: 620 nm, UV: 1601; Shimadzu, Columbia, MD). A calibration curve was used to calculate the amount of dye extracted from the tissue (i.e., g EB/g tissue). This measurement unit is hereafter referred to by its common acronym PE.
Experimental groups. PE values were measured in samples of the right uterine horn, colon, and bladder taken from 18 groups of rats (n ϭ 6 or 7/group) as follows: Group 1: colon treated with MO, studied in proestrus; Group 2: colon treated with MO and HYPX, studied in proestrus; Group 3: colon treated with saline, studied in proestrus; Groups 4 -6: colon treatments as in groups 1-3, but studied in metestrus; Groups 7-12: uterine horn treated as in groups 1-6, but studied in metestrus; Groups 13-18: bladder treated as in groups 1-6 or 7-12, but studied in metestrus.
At the end of the study, an additional group was run to control for the possibility that the additional 1-h delay before the administration of MO in the HYPX groups made any difference in the results. In this extra control group, a sham HYPX surgery was carried out in rats in proestrus (n ϭ 4) in a manner identical to HYPX but without cutting the two nerves. This sham surgery was followed 1 h later by inflaming the colon with MO. The effects in this group did not differ significantly from those in the experimental group in proestrus treated only with MO.
Treatment of the colon. A clean, dry pad was placed under the hindquarters to raise the caudal end of the rat's body ϳ1°from horizontal. A catheter (outer diameter, 2.0 mm) was inserted transrectally and gently pushed rostrally ϳ60 mm to reach the descending colon at a level ϳ1 cm rostral to the bladder and at approximately the same rostrocaudal level as the middle of the uterine horns. Next, 0.5 ml of either MO or saline was infused into the colon, and the catheter was removed. Any leakage of the MO solution (which is pale yellow) that was infused into the colon could be identified by monitoring the dry pad underneath the rat. No leakage was observed in any of the rats used for analysis.
Treatment of the uterine horn. The caudal end of the right uterine horn was tightly ligated with 4.0 silk suture, taking care not to injure any neighboring structures. This ligation prevented the solution that was infused into the horn from leaking out of the cervix into the vagina but produced no gross signs of uterine ischemia. Next, ϳ0.25 ml of MO or saline was injected into the rostral part of the right uterine horn via a 22-gauge needle. The needle was then removed, and, to prevent leakage, the small injection site was immediately clamped with a small hemostat. A gauze pad that had been placed under the injection area of the uterine horn was monitored to identify any leakage of the solution. No leakage was observed in any of the rats used for analysis.
Treatment of the bladder. The bladder was catheterized transurethrally (outer diameter, 1.1 mm), placing the tip of the catheter in the middle of the bladder lumen without touching its walls. A silk suture was tied around the skin over the urethra to secure the catheter's position and prevent leakage. Then, after emptying the bladder by very gentle suction through the catheter (using filter paper in the catheter) and gentle pressure on the sides of the bladder using cotton-tipped applicators moistened with warm saline, 0.5 ml of either MO or saline was infused into the bladder and left in place for ϳ2 h. A gauze pad that had been placed under the rats was monitored to identify leakage. No leakage was observed in any of the rats used for analysis.
Data analysis. Significance was assessed using SPSS version 12 or 13 software. Repeated-measures ANOVAs were used to determine significance of the effects of treatment (MO, MOϩHYPX, saline; between subjects) and effects on different organs (colon, uterus, bladder; within subjects). If significant, one-way ANOVAs were used to assess the significance of differences in the effect of treatment groups for each tissue treated (i.e., colon, uterus, bladder), followed, if significant, by post hoc Bonferroni tests. Unpaired t-tests were used to assess the influence of estrous stage on PE values for the colon, uterus, or bladder due to its treatment with MO. Pearson correlation coefficient calculations were done to compare organ weights and PE values. Alpha levels were set at 0.05. Data are presented as means Ϯ SE. As shown in Fig. 1 , A and B, further analysis showed that PE values for the MO-treated colon were significantly greater than PE values for the saline-treated colon in both estrous stages. In proestrus (Fig. 1A ), but not in metestrus (Fig. 1B) , PE values for the untreated bladder from rats whose colon had been treated with MO were significantly greater than PE values for the untreated bladder from rats whose colon had been treated with saline. A similar but much less significant cross-organ effect occurred in the untreated uterine horn.
RESULTS

Effects
In other words, for rats in proestrus, treating the colon with MO increased extravasation not only in the MO-treated colon but also in the untreated bladder and to a much lesser extent in the untreated uterine horn. Although the amount of extravasation in the inflamed colon was the same in metestrus as it was in proestrus, the cross-organ effects on the bladder and uterine horn did not occur in rats in metestrus.
As also shown in Fig. 1 , A and B, HYPX significantly reduced PE values in the MO-treated colon in proestrus and metestrus, but the values remained significantly greater than those in the saline-treated colon. In other words, in both proestrus and metestrus, HYPX reduced but did not eliminate the direct effects of MO on the colon.
HYPX did, however, eliminate the cross-organ effects of MO treatment of the colon on the untreated proestrous bladder. In other words, in rats in proestrus whose colon had been treated with MO, HYPX significantly reduced PE values in the untreated bladder to levels insignificantly different from PE values in the untreated bladder of proestrous rats whose colon had been treated with saline.
Some of these effects are shown in Fig. 2 , which provides photographs taken from four different rats: three rats in proestrus whose colon had been treated with saline, MO, or MOϩHYPX and one rat in metestrus whose colon had been treated with MO. Please note that the size of the bladder differs in the four pictures because the bladders are viewed from different angles and some bladders contain more urine than others. What is notable is that the bladder is bluer in the three situations in which the colon was inflamed with MO than in the situation in which the colon was treated with saline.
Effects of treating the uterine horn. As in the colon-treated groups, the effects of different treatments of the uterine horn on PE values differed significantly in both proestrus [F(2,15) ϭ 9.39, P ϭ 0.002] and metestrus [F(2,15) ϭ 8.82, P ϭ 0.003]. Furthermore, the within-subject effects of treating the uterine horn differed significantly across organs in both proestrus As shown in Fig. 1 , C and D, further analysis showed that PE values for the MO-treated uterine horn were significantly greater than PE values for the saline-treated uterine horn in both estrous stages. In proestrus (Fig. 1C) , but not in metestrus (Fig. 1D) , PE values for the untreated bladder from rats whose uterine horn was treated with MO were significantly greater than PE values for the untreated bladder from rats whose uterine horn had been treated with saline.
Although there was no evidence in either stage for a crossorgan effect of treating the uterine horn with MO on the untreated colon, it is possible that if the preparation of the uterine horn had not inflamed it slightly (see Assessment of the interpretative consequences of potential differences between the methods used to prepare each organ for treatment), PE values in the colon from rats in which the uterine horn had been treated with saline would have been smaller. If so, a small significant cross-organ effect of treating the uterine horn with MO on PE in the colon might have been observed (i.e., similar to the small effect described above of treating the colon with MO on PE in the uterine horn).
In other words, for rats in proestrus, treating the uterine horn with MO increased extravasation not only in the MO-treated uterine horn, but also in the untreated bladder (and might have done so to a much smaller extent in the untreated colon). Although the amount of extravasation in the uterine horn was the same in proestrus and metestrus, the cross-organ effect on the bladder did not occur in rats in metestrus.
As also shown in Fig. 1 , C and D, HYPX significantly reduced the PE values for the MO-treated uterine horn in both proestrus and metestrus, but the values remained significantly greater than those in the saline-treated uterine horn. In other words, in both proestrus and metestrus, HYPX reduced but did not eliminate the effects of MO on the uterine horn.
HYPX did, however, eliminate the cross-organ effects of MO treatment of the uterine horn on the untreated bladder. In other words, in rats in proestrus whose uterine horn had been treated with MO, HYPX significantly reduced PE values in the untreated bladder to levels insignificantly different from levels in the untreated bladder of proestrous rats whose uterine horn had been treated with saline.
Effects of treating the bladder. As in the colon-and uterine horn-treated groups, the effects of different treatments of the bladder on PE values differed significantly in both proestrus [F(2,16) ϭ 21.8, P Ͻ 0.001] and metestrus [F(2,15) ϭ 11.4, P ϭ 0.001]. Furthermore, the within-subject effects of treating the bladder differed significantly across organs in both proestrus [F(1,16) ϭ 115.0, P Ͻ 0.001] and metestrus [F(1,15) ϭ 139.2, P Ͻ 0.000]. PE values for the MO-treated bladder in proestrus and metestrus did not differ significantly.
As shown in Fig. 1 , E and F, further analysis showed that PE values for the MO-treated bladder were significantly greater than PE values for the saline-treated bladder in both estrous stages. In proestrus (Fig. 1E ), but not metestrus (Fig. 1F) , PE values for the untreated colon from rats whose bladder had been treated with MO were slightly, but significantly, greater than PE values for the untreated colon from rats whose bladder had been treated with saline. There was no evidence in either Fig. 2 . Photographs of examples showing how different treatments of the colon affect the extravasation of Evans Blue dye in the bladder when the rat was in proestrus (P) or metestrus (M). Photographs were taken ϳ2 h after injection of Evans Blue dye. Note the following: 1) that the bladder appears the most "blue," i.e., shows the most extravasation in the rat treated with MO in P (upper right photo) when compared with bladders in the other examples; and 2) that the inflamed area of the colon appears equally dark in the 3 rats whose colon was treated with MO, regardless of estrous stage. B, bladder; C, colon; U, uterine horn. stage for a cross-organ effect of treating the bladder with MO on the untreated uterine horn.
In other words, for rats in proestrus, treating the bladder with MO increased PE values not only in the MO-treated bladder, but also to a very small extent in the untreated colon (but not in the untreated uterine horn). This small bladder-to-colon effect did not occur in rats in metestrus.
As also shown in Fig. 1 , E and F, unlike the situation after treatments of the colon or uterine horn, HYPX had no influence on PE values for the MO-treated bladder in either proestrus or metestrus. Furthermore, HYPX did not eliminate the small influence that MO treatment of the bladder had on the untreated colon in proestrus.
Assessment of the interpretative consequences of potential differences between the methods used to prepare each organ for treatment. Treatment of each organ with saline was used to control for the potential influence of the manner in which each organ was prepared for its treatment on its vascular permeability. Thus the difference between groups for a specific treated organ can only be due to the inflammation with MO (with or without HYPX), regardless of how that organ was prepared for treatment.
On the other hand, although every attempt was made to prepare the different organs in as similar a manner as possible, preparation of the uterine horn differed from that of the colon and bladder because the uterine horn was ligated at its junction with the body of the uterus (to prevent leakage), whereas the other two organs were not ligated directly. This situation created the possibility that PE values for saline treatment of the uterus might be elevated compared with PE values for the other saline-treated organs. If so, conclusions concerning possible differences between the three organs in their cross-organ effects could be affected.
To determine whether such a situation was in fact the case, we used internal controls to analyze the data shown in Fig. 1 for each organ treated. The logic was as follows. If we consider one organ, say organ X, it is possible to compare PE values of untreated organ X taken from subjects in which organ Y or Z was treated with saline with PE values of the saline-treated organ X. For example, the PE value for the untreated colon when the uterus or bladder was treated with saline was 34.95 Ϯ 4.25 SE. The PE value for the saline-treated colon was nearly identical at 34.01 Ϯ 3.8 SE. These values did not differ significantly (unpaired t-test; P ϭ 0.80). The same lack of difference occurred in the bladder (unpaired t-test; P ϭ 0.21). Therefore, preparation of the colon or bladder did not inflame those two organs.
The situation was different, however, for the saline-treated uterine horn. The PE values for the saline-treated uterine horn were 77.91 Ϯ 16.3 SE, whereas PE values for the untreated uterine horn harvested from rats in which the colon and bladder had been treated with saline were 32.56 Ϯ 3.7 SE. An unpaired t-test indicates that this difference is statistically significant (P ϭ 0.02). To confirm this difference and to determine whether our internal control logic used above was valid, we compared the PE values for the untreated uterine horn with PE values for eight uterine horn samples taken from rats in another study in which no other pelvic organ had been inflamed. The PE values for that other group were 39.59 Ϯ 8.29 SE, which did not differ significantly from the PE values of samples taken from untreated uterine horn samples in the present study (P ϭ 0.47). Thus it appears that preparation of the uterine horn did indeed produce a small amount of inflammation (compared with two-to threefold greater inflammation produced in the MO-treated uterus) and that our logic was valid.
Overall, this analysis indicates that the small amount of inflammation in the saline-treated uterine horn might have had minor consequences for conclusions concerning differences in the cross-organ effects between the three different organs. As described above, it might have allowed us to conclude that uterine inflammation produced a small cross-organ effect on PE in the colon (similar to the small effect that inflammation of the colon had on PE in the uterus).
Tissue weights. Weights of each MO-treated organ were consistently significantly heavier than the weights of the corresponding saline-treated organ or untreated organ. Thus for the bladder, mean weights for the MO-treated bladder (regardless of whether HYPX had been done) vs. the saline or untreated bladders were 146 Ϯ 10.4 g and 102 Ϯ 3.4 g, respectively (P Ͻ 0.001, t-test). For the colon, mean weights for the MO-treated colon vs. the saline or untreated colon were 197 Ϯ 27.1 g and 104.4 Ϯ 3.4 g, respectively (P Ͻ 0.001, t-test). For the uterine horn, mean weights for the MO-treated uterine horn vs. the saline or untreated uterine horn were 83.7 Ϯ 27.1 and 71.27 Ϯ 3.4 g, respectively (P Ͻ
0.05, t-test).
On the other hand, weights for untreated organs did not differ significantly across groups. Thus, taking the bladder as an example, one-way ANOVA values when comparing weights of the untreated bladder from groups in which the colon had been treated with MO, MOϩHYPX, or saline were not significant in either proestrus [F(2,18) ϭ 1.048, P ϭ 0.375] or metestrus [F(2,18) ϭ 0.89, P ϭ 0.428]. Similarly, one-way ANOVA values when comparing weights of the untreated bladder from groups in which the uterus had been treated with MO, MOϩHYPX, or saline were not significant in either proestrus [F(2,15) ϭ 1.47, P ϭ 0.259] or metestrus [F(2,15) ϭ 1.59, P ϭ 0.236]. There was a similar lack of significance between groups for the untreated colon and untreated uterus.
Correlations between weight and PE values of untreated organs. Despite the fact that the weights of all three of the untreated organs did not vary across groups, there were differences between the three untreated organs with respect to the correlation between their weights and PE values. Thus for the untreated bladder in proestrus, the correlations between bladder tissue weights and PE values were significant when the either the colon or uterus was treated with MO, MOϩHYPX, or saline (for treatment of the colon, r ϭ 0.412, P Ͻ 0.05; for treatment of the uterus, r ϭ 0.74, P Ͻ 0.001). These correlations were not significant for the untreated bladder in metestrus. For the untreated colon and uterus, none of the correlations was significant. In other words, for the untreated bladder, bladder weight and PE values correlated significantly when the colon or uterus was treated in proestrus, but not when the colon or uterus was treated in metestrus. In contrast, there were no significant correlations between weight and PE for the untreated colon or untreated uterus. Overall, therefore, the pattern of significant correlations between weights and PE paralleled the pattern of significant cross-organ effects assessed by PE.
DISCUSSION
This study produced four new findings. First, inflammation of the uterine horn, like inflammation of the colon, gave rise to robust signs of inflammation in the bladder. Second, the crossorgan uterine horn-to-bladder and colon-to-bladder effects were influenced by the estrous cycle, i.e., they occurred in proestrus but not metestrus. Third, the hypogastric nerve appears to be involved in these cross-organ effects because HYPX eliminated them. Fourth, the bladder appears more vulnerable than the colon and uterine horn are to some types of cross-organ influences.
More specifically, we found that acute inflammation of the colon or uterine horn in proestrus (estradiol levels high; progesterone levels low) but not metestrus (estradiol and progesterone levels low) increased extravasation in the untreated bladder. Again in proestrus, but not metestrus, bladder inflammation produced a much smaller but significant increase of extravasation in the uninflamed colon, and colon inflammation produced a much smaller but significant increase of extravasation in the uninflamed uterus. The cross-organ effects were selective, however, because inflammation of the uterine horn had no influence on extravasation in the untreated colon (but see further below), and inflammation of the bladder had no influence on extravasation in the untreated uterine horn.
Cross-organ effects. Our findings of cross-organ effects between pelvic organs in the gastrointestinal, urinary, and reproductive tracts are consistent with earlier reports. Previously, we showed that acute bladder inflammation in proestrus decreases contractions of the untreated uterine horn (22) . Acute bladder inflammation also reduces the efficacy of cannabinoid agonists on the uterine horn (21) . In addition, others have recently reported that acute cystitis increases abdominal wall muscle activity that is evoked by distention of the untreated colon (55) and, conversely, that acute, as well as chronic, colon irritation induces bladder overactivity (41, 55) .
The results on cross-organ effects in the pelvis are also consistent with reports of cross-organ effects between pelvic organs and organs located in more widespread areas of the body. For example, surgically induced endometriosis in the upper abdomen, a chronic condition, reduces bladder micturition thresholds measured Ͼ1 mo postoperatively (50) . Similarly, in awake rats, surgically induced abdominal endometriosis at a similar postoperative period exacerbates pain behaviors associated with a ureteral calculosis (26) and increases escape responses to vaginal distention (18) .
Of relevance to this discussion are some differences between the results here and those of a recent report by Malykhina et al. (43) . This group, like Pezzone et al. (54) , has evidence consistent with (but not proof for) the possibility that a small proportion of single afferent fibers may branch to supply the colon and bladder, which in turn is consistent with the observations here of cross-organ effects between the colon and bladder (see further discussion below). However, the results here are inconsistent with another part of the Malykhina groups' study (43) . In this other part of their study, the colon was inflamed with trinitrobenzene sulfonic acid (TNBS), and either 3 or 30 days later, signs of inflammation of the both the inflamed colon and the uninflamed bladder were assessed using a MPO activity assay. Although MPO activity had increased in the colon by 3 days (and was recovered by 30 days), it had not increased in the bladder at either 3 or 30 days after colon inflammation.
Part of the reason for the difference in findings could be the different assays (MPO vs. dye extravasation) or inflammatory agents (MO or TNBS) used by them or us. An alternative, and more likely explanation, however, involves the timing of the assays. Here, extravasation was measured 2 h after inflammation (i.e., after an acute inflammation), whereas the Malykhina groups' measures (43) were made 3 days after inflammation (i.e., after a chronic inflammation). It is possible, therefore, that cross-organ induction of an "indirect" sign of inflammation (MPO or PE) might be limited to the acute effects of the inflammation. If this explanation is correct, it has implications for the process by which cross-organ effects that are initiated by pathology in one of the organs are maintained over time. Further studies on the development of cross-organ effects are therefore warranted (for example, see Ref. 71) .
Vulnerability of bladder to cross-system effects. Among the three pelvic organs studied here, the bladder appeared the most vulnerable to cross-system effects and the least effective in inducing them. Thus a substantial amount of bladder extravasation was induced by inflammation of either the colon or uterine horn in proestrus, and this extravasation was accompanied by increases in bladder weight. In contrast, either no cross-organ effects or only small and perhaps biologically insignificant cross-organ effects were induced in the colon or uterine horn.
Given the robust effects of bladder inflammation on colon and uterine horn activity reported, respectively, by Pezzone et al. (55) and Dmitrieva et al. (22) , the small effects observed here on the colon and uterine horn were surprising. There are several possible explanations. The most obvious is a difference in the outcome measures; i.e., bladder and uterine contractility by the earlier authors vs. vascular permeability here. The PE measure used here might not have been sensitive enough to detect possibly more subtle changes in the colon and uterine horn. Another possibility is a difference in timing. We studied the bladder-to-colon effects 2 h after inflammation, whereas Pezzone et al. (55) studied them ϳ60 min after irritation, and Dmitrieva et al. (22) found that the bladder-to-uterus effects were maximal at times later than our measurements here (4 h). A third possibility is a difference in the agents used for irritation/inflammation: protamine sulfate followed by potassium chloride or 50% turpentine, respectively, vs. 10% MO here.
It is, of course, also possible that the bladder is indeed more vulnerable to cross-organ influences and less effective than are the colon and uterine horn in inducing certain types of crossorgan effects, such as increased PE. This possibility is supported by the fact that, whereas HYPX reduced extravasation in the inflamed colon and uterine horn, it failed to reduce extravasation in the inflamed bladder. Furthermore, unlike the situation after colon or uterine horn inflammation, HYPX did not eliminate the bladder's small effect on the colon. These findings suggest that the small colon-to-bladder and uterine horn-to-bladder effects observed here depend on both sensory and autonomic efferent fibers in the hypogastric nerve and that this mechanism is not engaged in the opposite direction when the bladder is inflamed. Further support for the particular vulnerability of the bladder to indirectly induced dysfunction comes from the work of Jasmin and Janni (35) , who showed that viral infection of the spinal cord induced by innoculation of pseudorabies virus into tail muscles of the rat produces a neurogenic inflammation limited to the bladder.
Mechanisms of cross-organ effects. The fact that HYPX eliminated the effects of colon and uterine horn inflammation on the bladder suggests that the hypogastric nerve contributes to the cross-organ effects. Thus the results support earlier findings implicating involvement of the hypogastric nerve in the consequences of inflammation (13, 22, 69) and further suggest that one of these consequences includes cross-organ effects.
Given that all three organs are innervated by sensory and autonomic fibers in the hypogastric nerve (40) , there are at least five potential and, importantly, compatible mechanisms. These mechanisms are diagrammed in Fig. 3 .
Two mechanisms involve only afferent fibers (Fig. 3, A and  B) . In the first, the cross-organ effects are brought about by neurogenic axon reflexes (61, 67) occurring in single hypogastric sensory axons that branch to supply more than one pelvic organ (Fig. 3A) . To explain the results here, this mechanism would require evidence for the existence of single sensory fibers that branch to supply the colon and bladder, the uterine horn and bladder, the colon and uterine horn, or all three organs. Although evidence consistent with the existence of such branching for the bladder and colon has recently been found using double-labeling methods (43, 54) and Ustinova et al. (70) recently reported that afferent fibers that supply the bladder are sensitized to noxious stimuli after colonic inflammation, there is no evidence concerning the potential existence of axons that branch to supply the uterine horn and bladder or the uterine horn and colon.
The second afferent-only mechanism (Fig. 3B) is the dorsal root reflex. Here, presynaptic axoaxonal effects of hypogastric afferents from the inflamed organ could, via an inhibitory interneuron in the spinal cord, sensitize and antidromically activate other hypogastric afferents from an uninflamed organ, thereby producing extravasation in the uninflamed organ (76) . Either this mechanism or branching sensory fibers could also explain recent findings by Ustinova et al. (70) in which the sensitization of bladder afferent fibers by colon stimulation was blocked by bladder denervation. In support of this possibility are findings by Qin et al. (58) in which it was shown that one population of spinal neurons responding only to bladder input was sensitized when the colon was chronically inflamed. In this case, however, branching (Fig. 3A) would be an unlikely mechanism, because, if so, then the neurons should have responded to both colon and bladder stimulation. Further support for the dorsal root reflex mechanism comes from studies done by Jasmin and colleagues (35, 36) who found that a viral infection of central nervous system neurons neighboring those that process bladder information induces bladder inflammation.
The three additional mechanisms diagrammed in Fig. 3 involve both afferent fibers and postganglionic fibers from the pelvic ganglion (Fig. 3, C-E) and rely on three published facts. First, there is extensive convergence of pelvic organ input on neurons in the spinal cord and brain (7, 24, 38) . Second, preganglionic fibers in the hypogastric nerve synapse not only on neurons in the inferior mesenteric ganglion but also on neurons in the pelvic ganglion (23, 68), i.e., the pelvic ganglion receives preganglionic input from fibers traveling in both the hypogastric nerve derived from T13/L1 and the pelvic nerve derived from L6-S2. Third, whereas centrally generated activation of postganglionic sympathetic fibers fails to elicit PE (48) , activation of postganglionic parasympathetic efferents does elicit extravasation (3, 20) . Thus it is possible that input from the inflamed organ via the hypogastric nerve activates neurons in the dorsal horn of T13/L1 that in turn eventually activate postganglionic neurons in the pelvic ganglion via three different multisynaptic routes: 1) preganglionic neurons in T13/L1 (Fig. 3C) ; 2) intraspinal connections (73) to preganglionic neurons in L6-S2 (Fig. 3D); and 3 ) ascending input to brain stem (e.g., 32, 59, 60) that in turn send descending fibers to preganglionic neurons in L6-S2 (Fig. 3E) or T13/L1 (not shown).
All of the mechanisms shown in Fig. 3 could contribute to pelvic organ interactions here, as well as those observed by others, such as the reciprocal colon-bladder cross-sensitization assessed by organ reflexes (55) and changes in excitability of bladder-colon convergent dorsal root ganglion neurons induced by colon inflammation (43) . However, with respect to the present findings in which extravasation was the outcome measure, there are four reasons why the first, purely peripheral mechanism of branching sensory axons might not be the dominant one (Fig. 3A) . First, because HYPX was performed distal to the IMG, the branches would have to originate proximal to the IMG (as shown in Fig. 3A) . Anatomical studies, however, suggest that the branches occur distally (33) . Second, the effects observed here were not reciprocal; i.e., if the cross-system effects were due to axon reflexes in branches of the same sensory afferents supplying the two organs, then the effects should go both ways. Third, it has never been reported that a peripheral sensory fiber can respond to stimulation of more than one pelvic organ, even when attempts have been made to discover such responses (e.g., 10, 12, 13, 25). Fourth, it is possible to elicit bladder inflammation by a purely central dysfunction (35) .
Influence of estrous stage. The estrous influences on the cross-system effects observed here suggest that the effects are influenced by ovarian hormones, possibly estradiol. Although most previous studies of cross-organ influences between the colon and bladder have not investigated such influences (e.g., 41, 43, 54, 55, 57) , the present results are consistent with findings showing that the severity of vaginal hyperalgesia induced by abdominal endometriosis correlates with circulating levels of estradiol (18) . In that study, the hyperalgesia was greatest in proestrus (high level of estradiol and low level of progesterone) and was completely alleviated in estrus (very low estradiol and progesterone), a result similar to that observed here. Furthermore, Jasmin and Janni (35) have reported that extravasation in the bladder of rats with centrally induced neurogenic cystitis is greater in females than males and prevented in both sexes by gonadectomy.
Because estrogen receptors are present on primary sensory afferents of pelvic organs (52), estradiol could exert an effect on PE by influencing antidromic activation of sensory terminals. Another possibility is that estradiol influences PE directly by modulating release of inflammatory mediators from peripheral mast cells. Thus it has been shown that human gastrointestinal and bladder mast cells express estrogen receptors (37, 42, 51) and that estradiol enhances degranulation and hista- . C: multisynaptic route involving sensory afferents from the inflamed organ to the T13/L1 segment of the cord, followed by output from preganglionic fibers in the T13/L1 segment to postganglionic fibers in the pelvic ganglion that innervate the uninflamed organ. D: multisynaptic route involving sensory afferents from the inflamed organ to the T13/L1 segment of the cord, followed by output from preganglionic fibers in the L6-S2 segments to postganglionic fibers in the pelvic ganglion that innervate the uninflamed organ. In this case, the multisynaptic route includes intraspinal connections between the T13/L1 and L6-S2 segments of the spinal cord. E: multisynaptic route involving sensory afferents from the inflamed organ to the T13/L1 segment of the cord, followed by output from preganglionic fibers in the L6-S2 segments to postganglionic fibers in the pelvic ganglion that innervate the uninflamed organ. In this case, the multisynaptic route includes ascending connections from spinal cord to brain and descending connections from brain to L6-S2 segments. See Mechanisms of cross-organ effects for more detail. Dotted red lines and black arrows indicate the direction and sequence of information flow. Dashed black lines indicate multisynaptic connections. IMG, inferior mesenteric ganglion; PG, pelvic ganglion. mine secretion from mast cells (29, 42, 72) and increases sensitivity of mast cells to substance P stimulation (14) .
While compelling, the failure to find estrous differences in either the amount of extravasation or the effect of HYPX on extravasation in the inflamed organ makes these peripheral explanations less likely. Another possibility, therefore, is that the estrous influences on cross-organ effects are exerted centrally. Potential central location(s) of such effects are widespread. Estrogen receptors have been found on neurons located throughout the spinal cord and brain that influence the uterus and other organs (53, 64) .
Clinical relevance. The cross-organ affects between pelvic organs observed here that were induced by acute inflammation, when considered together with findings by others discussed above of cross-organ effects induced by either acute or chronic pathology in either nearby or remote organs, are likely relevant to the surprisingly frequent clinical situation in which several painful disorders cooccur. Examples include the cooccurrence of dysmenorrhea, irritable bowel disorder, interstitial cystitis, and vulvodynia (1, 65) , as well as the distressing disorder, multiple organ dysfunction syndrome (44, 45) . The estrous influence on the cross-system effects observed here is also consistent with the fact that symptom severity in these disorders is influenced by sex steroid hormones (e.g., 2, 46, 56).
For understanding this relevance, however, it is clear that further studies are needed, particularly those using functional outcome measures (e.g., organ motility in awake animals) and other measures of inflammation (e.g., MPO, see Ref. 43 ) to assess the relevance and significance of the cross-organ effects for organ function. Further studies are also needed to improve understanding of how the cross-organ effects occur (e.g., peripheral or central or both; whether other nerves such as pelvic and vagus nerves are involved), as well as how the effects develop over time and how they are modulated by reproductive status.
